Various PWM techniques for three-phase power converters, such as the AC to DC converter and the DC to AC inverter, have been proposed and increasingly used with the development of the switching power devices. These are discussed separately for the types of the voltage source and the current source. This paper proposes a new PWM technique for the three-phase inverter/converter applicable to the above both types. The output characteristics of the new PWM technique are excellent in thee low-order harmonic elimination and the output gain to the DC power source. In this paper, the method to obtain the switching timing, the switching pulse pattern for the each power source, the frequency spectrum and the characteristics for the PWM output waveform are described. And they are verified by the experimental results for the voltage source inverter and the current source AC to DC converter.
Introduction
DC to AC inverters for the AC motor drive are classified.as either the voltage source inverter or the current source inverter depending on the power source from which they are fed. An AC to DC converter with a DC reactor (DCL) for the DC motor drive belongs to the latter type. Most of these converters consist of a three-phase bridge circuit with six switching arms and operate with six-step pulses. Therefore, the voltage or current waveforms in the AC side of the circuit are rectangular wave with 120' conduction angle, which invite many problems on the both sides of the loads and the power source(1) (5) To overcome all these problems without complicating additional circuits, several pulse width modulation (PWM) systems have been proposed and used(1)- (12) . The most frequently used PWM techniques for the voltage source inverter are the specific harmonic elimination systems(1)- (6) , and the sinusoidal wave modulation system(2)(3). The similar PWM technique are reported for the current source inverter.
They are specific harmonic elimination systems(7)(8) which is the same as above mentioned, and the trapezoidal wave modulation system. In contrast to the voltage source inverter, the current control technique to vary it1 mean, value has not been almost used so far (8) , but the pulse width modulation of the current is favorable with respect to the low order harmonic elimination.
Many low order harmonics can be eliminate( simultaneously using the conventional sinusoidal PWM technique. But the resulting value of output voltage to the DC voltage source is poor (9) (11 as (a) voltage source inverter, (b) current source inverter and (c) current source type AC to DC converter, which are the schematic circuits applying the PWM control in the paper. The switches S1-S6, in the figures, represent the self commutated switching devices such as power transistor, GTO or thyristor switch having commutation circuit. There are next relations among the three-phase line to line voltages (eur, e-, c.,) and line currents (iu, iu, iw).
Eq. (1) means that the one of the three-phase line to line voltages is given by the others as explained by ewu= (euu+et.u,). The relations among the currents are the same. That is, if the PWM switching pulses for the two line to line voltages or two line currents are determined, the rest may be given from those. The switching pulses P, and P2 obtained by these comparisons correspond to the PWM waveforms of the cr, and ere respectively and the PWM waveform for the largest signal are given by the combination pulses of them as above mentioned.
The modulation index M is defined as the ratio of the amplitude of the carrier waveform (E,) and that of the reference signal (Er), that is M=Er/E,.
To obtain the normal sinusoidal PWM waveform, the value of M must be restricted below the unity. The PWM waveforms obtained from the combination of the pulses P1, PP and P3 represent the three-phase line to line voltage (eu,,, eu:u, e.,) of Fig. 1 (a) and the three-phase line current (iu, i6, iu) of Fig. 1(b) and (c).
The PWM switching pulses for the balanced threephase sinusoidal signals over the period are obtained from the pulses P1-P3. In order to obtain these balanced PWM waveforms, it is required to satisfy the next relation between the carrier (switching) frequency fs and the output frequency fo. for the comparison with the new scheme. The pulses P , P2 and Pa are given by the comparisons of the carrier waveform e, with the reference signals evr, evr and ev,r. The PWM waveform eu,, obtained from these pulses shows the three-phase line to line voltage of Fig. 1(a) . The fundamental component of that can be controlled by the modulation index defined as M=Er/ Et. In this case, the ratio of the carrier frequency f3 to the output frequency f3 is equal to the number NP of the PWM switching pulses per a half period and they are shown as next;
Switching pulse pattern
Once the switching timings are given, the switching pulse patterns for the three-phase bridge converters shown in Fig. 1 can be obtained easily according tothe next scheme for the two kinds of power source.
(1)
Voltage source inverter (i) When the PWM pulse voltage is applied, take your attention to the phase related to the line to line voltage, and select either positive or negative switching arms of the phase according to the polarity of the PWM waveform. And then, give the gate pulses to the selected switchine arms for the interval.
(ii) For the interval of zero output, give the gate pulses to all the swiching arms of either the positive or negative group, so that the output voltages are not affected by the load power factor.
(2) Current source inverter (i) When the PWM pulse current flows throurgh the AC line, select the switching arms according to the phase and the flowing direction of the output current, and give the gate pulses to the selected switching arms for the interval.
(ii) For the interval of zero current output, give the gate pulse to the both switching arms of the positive and negative group for a given phase at the same time not to open the DC circuit contaning the DC reactor. Fig. 4 shows the switching pulse patterns of the six switching arms of the three-phase bridge circuits for (a) the voltage source type and (b) the current source type respectively. They are determined so that the same switching pulse pattern for each switching arm can be obtained. On the actual system, it must be taken into account for some other considerations such as the posibility of short circuit due to the finite switching time and the dealy time for the voltage source and the infuluence by line inductances at commutation for the current source, and so on.
In the conventional sinusoidal PWM method for the voltage source inverter, the switching pulses shown in Fig. 3 are used usually, but another switching pulse patterns may be considered according to the above procedure. And the generation of the switching pulse for the current source type can be also obtained, but they have not been applied so far(8). while, if the dotted line signals as shown in Fig. 5 are used to compare instead of the sinusoidal ones, the swiching timings for a trapezoidal PWM can be also obtained.
Theoretical Analysis
In this case, as can btt seen, the pulse P, for M=1 corresponds to the pulse P2 (logical inverse of the pulse P2)
Spectrums and characteristics
Once the switching timings are given, the harmonics of the PWM waveforms as shown in Fig. 6 (a) -(c) can be easily obtained.
The harmonics of the AC line PWM waveform, the The effective value is obtained by
The fundamental effective value is
The distortion factor DF is obtained by Fig. 7 shows the frequency spectrums of the new sinusoidal PWM waveform and of the conventional one. The similar numbers of switching pulse per a half period of the PWM wavefoom are selected for comparisons of them. NP=16 for the new PWM (a) for the trapezoidal PWM (c) and NP=15 for the conventional PWM (b) are chosen from the restriction given in the above. The n=w/as is the order of the harmonics. The equivalent switching frequency fg of the new PWM is equal to the carrier frequency as shown in Eq. (3 ), and is considerably high (ns=fs/fo=27 for NP=16) as compared with the conventional one (ns =fs/fo=15 for NP=15). This means that the large number of pulse NP(=27) must be chosen for the conventional PWM in order to obtain the similar spectrum to the new PWM shown in the above. In this case, the higher harmonics of the PWM output will tend to increase due to the many pulses of the output. While, the switching times NS of the each switching arm for the both PWM scheme is equal to the frequency ratio n, given by Eqs. (3) , (4)for the voltage fed type converter. The switching times for the current fed type is samller than this. Moreover, we must pay attention to the amplitude of the fundamental component of the PWM output which decides the overall characteristics of harmonics such as distortion factor. It is shown that the trapezoidal PWM waveform contains some low order harmonics in addition to that of the switching frequency. It may be concluded that the new PWM scheme is useful for the elimination of low order harmonics with the small number of pulses NP. 
4.2
Controlled-output characteristics Fig. 9 These difference of the control range can be explained as next. Fig. 10 shows the approximate relations between the DC voltage and the fundamental waveforms of (a) the rectangular, maximum effective value is about 1.1 times of the fundamental component. The high total power factor (PF) near the unity will be obtained over the wide range of the output control because of the unity fundamental power factor (PF), by using the filters to suppress the switching harmonics. output and efficiency can be obtained for the new PWM inverter which may be caused by the difference of the output gain for the same modulating index (M =1.0). The efficiency of the new PWM inverter for the same output gain as the conventional one is also shown in the figure for the comparison.
Experimental Results
The successful driving by the new PWM inverter is confirmed for the speed control of an induction motor. 5.2 Current source type converter Fig. 16 shows the AC to DC converter constructed by the thyristor bridge with the commutation circuit suitable for the new PWM technique (15) . The bidir ectional power conversion is easily performed only by changing the gate pulse sequence to the thyristors which is a significant feature of the current fed con verter. The gate pulse patterns of the thyristor bribg( circuit are shown in Fig. 4 (b) and the gate pulse for the commutation circuit is obtained from the P,. Fig.  17 shows (a) the oscillogram of the three-phase PWM current and the voltage waveforms, and (b) the spectrum of the current obtained by this circuit under the operating condition as next; [Ea=200 V, fa=60Hz (three-phase power line), Id=10 A (DC current) and NP=8, M=0.5]. The inverting operation is performed successfully by the same circuit as the converting operation. It is verified that the sinusoidal PWM current waveform can be obtained for the current source power converter too. The driving characteristics of the DC motor by this circuit is shown in Fig. 18 . The rating of the DC motor are as follows ; [P,=1.5 kW, N,=1,750rpm, Edr=180V, Id,=9.3A]. The DC motor can be smoothly controlled and the higher efficiency n can be obtained. If the AC filters to eliminate the higher harmonics of the PWM current is used, the higher power factor (PF) will be obtained, because the fundamental power factor (PF), holds about unity over the wide range of the output control as'shown. On the other hand, the toal power factor of the conventional phase controlled converter can not be improved by using these filters, because the fundamental power factor goes down with the low output voltage.
Conclusion
In this paper, the new PWM technique is proposed and the characteristics and the availabilities have been discussed compared with the conventional ones. And they are verified experimentally about the voltage source inverter and the current source type AC to DC converter.
From these investigations, it can be summarized that the new PWM scheme has some superior features as follows to the conventional ones ; ( 1) effective elimination of low order harmonics, (2) high efficiency, (3) small kVA rating (large output), (4) wide application (voltage source and current source inverter /converter), (5) adjustable sinusoidal PWM current (fast response), (6) high power factor (converter) and (7) small PWM losses of the load (small number of NP).
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